Abstract. One-year-old rooted microshoots and 2-year-old rooted hardwood blueberry cuttings (Vaccinium corymbosum L.) were inoculated with Phomopsis vaccinii Shear using stem flap, stem freeze, needle pierce, and leaf tear wounding techniques. The needle pierce was the simplest method that produced high infection rates. Nine northern-adapted cultivars were placed in a factorial experiment to measure their infection resistance. Microshoots and hardwood cuttings of 'Elliott' and 'Bluetta' survived the longest and had the lowest mortality rate. Phomopsis vaccinii was reisolated successfully from inoculated shoots of all cultivars.
Six-millimeter flap of stem tissue cut downward on shoots.
x Pierced with a Becton-Dickenson 0.9-mm needle.
w Stem pierce = 0.9-mm Becton-Dickenson needle dipped into liquid N and pressed against shoot. procedure was identified, it then was used to measure resistance in the most popular highbush blueberry cultivars.
Materials and Methods
General plant culture. One-year-old rooted microshoots and 2-year-old rooted hardwood cuttings of 'Bluecrop', 'Bluejay', 'Blueray', 'Bluetta', 'Elliott', 'Jersey', 'Patriot', and 'Spartan' were obtained from DeGrandchamp's Nursery, South Haven, Mich. Oneyear-old microshoots and 2-year-old rooted hardwood cuttings of 'Rancocas' were generated at Michigan State Univ., East Lansing, by micropropagation (Callow et al., 1989) . Shoots ≈2 cm long were rooted by sticking the shoots 1 to 2 mm deep into peat and maintaining them under plastic tunnels. They rooted in 3 to 4 weeks and then slowly were acclimated to ambient humidity. In March, the hardwood Phomopsis canker is a serious fungal disease of highbush blueberries. The causal agent, Phomopsis vaccinii, infects blueberry canes by entering through an opening and inducing a cane dieback that may lead to the death of the entire bush. Phomopsis canker is one of the primary factors limiting highbush blueberry production in northern regions, particularly Michigan (Hancock and Draper, 1989; Hanson and Hancock, 1990; Ramsdell, 1992) .
Phomopsis vaccinii was initially isolated from blueberries by Wilcox (1936) . She found that when sprayed with spore suspensions, wounded and nonwounded plants developed lesions where the fungus entered through natural openings and that the infection would eventually spread and girdle older woody stems (Wilcox, 1939) . Milholland (1982) duplicated these experiments using two distinct P. vaccinii isolates from North Carolina and Michigan. Two weeks after the Phomopsis isolates were sprayed onto terminal flower buds, twig blight symptoms appeared on 2-year-old bushes of 'Murphy'.
Weingartner and Klos (1975) were the first to demonstrate that P. vaccinii caused the highbush blueberry canker and dieback diseases in Michigan. However, in the northern regions, an injury seemed to be necessary for infection. When healthy, nonwounded bushes of 'Berkeley' were potted and placed under plants in heavily diseased field plantings for 1-month intervals throughout the growing season, no infection was detected (Parker and Ramsdell, 1977) . Nonwounded bushes also were not infected when conidial suspensions or mycelial blocks were placed directly on the stems (Parker and Ramsdell, 1977) . Infection occurred only when stems were wounded by mechanical means or freezing.
Histopathological research has shown that P. vaccinii colonizes blueberry stems by hyphal growth in inter-and intracellular spaces of the cortex (Daykin and Milholland, 1990) . Tyloses often form in the vessel elements of green uninfected parts of the stem in advance of the pathogen's hyphal growth. The hyphae grow from the infected cortex laterally into the xylem and phloem tissues and cause a cane dieback.
There are only moderately effective chemical controls for this disease. Applying cis-N-[(1.1.2.2-tetrachloroethyl)thio]-4 cyclohexene-1.2.-dicarboximide (captafol) or methyl 1-(butylcarbamoyl)-2-benzimidazolecarbamate (benomyl) sprays at various intervals during the growing season decreased the incidence of phomopsis canker by only 36% to 58% (Parker and Ramsdell, 1977) . Applying protectant fungicides do not eradicate the disease once a plant becomes infected because they do not act systemically. Blueberries are commonly harvested mechanically, which frequently damages stems and predisposes the plants to Phomopsis infection. Once the fungal infection has grown into the crown of the bush, new shoots originating from the crown become diseased and die.
An appropriate way to control the spread of phomopsis canker would be to locate a source of resistance within highbush blueberry cultivars. Our first goal was to develop an effective, rapid, screening technique for measuring resistance. Several different inoculation techniques were compared that used 2-year-old cuttings and 1-year-old microshoots from tissue culture. Once the most effective screening cuttings were obtained from the field from the previous season's growth. These were rooted in peat under intermittent irrigation using established procedures (Schulte and Hancock, 1983) .
After rooting, the hardwood cuttings were potted into Bacto Pro Plant Mix (Michigan Peat Co., Houston) in plastic pots (19 × 14 cm; 2.5 liters). The shoots varied in length from 12.5 to 20.0 cm and the circumference was ≈1.3 cm. Rooted microshoots also were potted into a Bacto Pro Plant soil mixture using 0.5-liter pots (11 × 9 cm). These plants varied in shoot length from 5 to 10 cm and were ≈6.5 mm in circumference.
The plants were watered daily and fertilized weekly with a solution of Peter's 20-20-20 fertilizer (Grace Sierra, Fogelsville, Pa). Phosphoric acid was used to adjust the pH of the fertilizer to 5.0. All plants were maintained in the Plant Science Greenhouses at Michigan State Univ. for ≥1 month before the treatments were initiated.
Fungal culture. Phomopsis vaccinii was isolated in 1976 from a stem canker on a 'Berkeley' bush in West Olive, Mich. (Parker and Ramsdell, 1977) . Subcultures were grown on Difco potato dextrose agar (PDA) under cool-white florescent lamps at a photosynthetic photon flux (PPF) of 50 µmol•m -2
•s -1 . They were stored at 4C after the white mycelium had covered the entire medium surface and black pycnidia were present. Isolates were subcultured every 30 days to maintain fresh cultures.
Microshoot inoculation. Three wounding techniques were tested on 1-year-old microshoots of 'Rancocas': 1) shoots were cut with a sterilized, pointed scalpel blade (BardParker no. 11; Becton-Dickenson Acute Care, Franklin Lakes, N.J.). A flap (≈3.2 mm) was cut downward below the bark at an internode. 2) A sterile needle (no. 5175; BectonDickenson; 0.9 mm in diameter) was used to pierce the bark of the shoots. 3) A single leaf petiole was torn from a shoot. Half of the wounded individuals were inoculated by placing a small section of mycelium containing one to two pycnidia over the wound using a sterile metal spatula. The control plants were inoculated with pieces of uncolonized PDA. The plants were maintained for 30 days in a completely randomized block design with three replications of eight plants per treatment.
The points of inoculation were wrapped with moistened Kimwipes (Kimberly Clark, Roswell, Ga.). Parafilm (American Can Co., Greenwich, Conn.) was used to secure the wraps to the blueberry shoots and to prevent moisture loss. Shoots were evaluated daily for symptoms of infection, such as wilting, brown or black shoot discoloration, or necrosis. A shoot was considered dead when the stem and leaves were completely dry from the point of inoculation to the terminal end of the shoot.
Reaction to fungal inoculation was measured as mortality rate and percent survival. Mortality rate was calculated as the slope of the line associating cumulative number of dead shoots (x-axis) with experimental date (y-axis). Percent survival was calculated by dividing the number of plants that survived by the total number of plants inoculated. An analysis of variance was performed on the various values followed by a comparison of the means using least significant difference.
Inoculation of hardwood cuttings. Three wounding techniques were tested on the shoots of 2-year-old rooted cuttings of 'Elliott': 1) a flap of stem tissue (≈6 mm) was cut downward on shoots with a sterilized Bard-Parker scalpel blade, 2) the stem tissue was pierced with a sterile Becton-Dickenson needle (0.9 mm in diameter), or 3) the same-sized needle of a sterile 10-ml syringe was dipped into liquid N and pressed against the shoot. Half of the wounded plants were inoculated with P. vaccini as previously described, and the others were mock-inoculated with PDA. Ten shoots were used per treatment in each replication. The plants were arranged in a randomized complete-block design with three replications per treatment.
Mortality rate and percent survival were calculated as previously described. Data also were collected on each inoculated shoot for 1) shoot age (present season or second year), 2) presence of flower buds, and 3) presence of shoots on the same stem as other inoculated shoots or on stems sprouting separately from the crown. Wraps were removed weekly from a random selection of shoots to check for lesion formation. The wraps then were re- placed and left on the inoculated areas until the experiment was ended (30 days).
Resistance screening. Microshoots and hardwood cuttings of eight cultivars ('Bluecrop', 'Bluejay', 'Bluetta', 'Elliott', 'Jersey', 'Patriot', 'Rancocas', and 'Spartan') were analyzed. Stem tissue was manually injured with a sterile needle as previously described. One puncture wound was made on each of two shoots of each plant. On 2-year-old plants, the wound was made ≈12.5 cm down from the tip of the shoot and within an internode. On 1-year-old microshoots, wounds were inflicted ≈7.5 cm from the tip of the shoot and within an internode.
Shoots of each plant were subjected to two separate treatments: 1) pycnidia and associated mycelium from one of the Phomopsis vaccinii subcultures were placed on the wound of one shoot with a sterilized metal spatula, and 2) the second wounded shoot of each plant was inoculated with PDA (control) only. Thirty rooted microshoots and rooted hardwood cuttings of each cultivar were arranged in a randomized complete-block design with three replications per treatment. All inoculation sites were covered with several layers of moistened Kimwipes and secured with small pieces of parafilm wrapped around the stem. These wraps were kept on the plants throughout the experiment (30 days).
Inoculated blueberry shoots were examined every other day for disease symptoms. At the beginning of the experiment, the average length of shoots and the average number of shoots for each cultivar and age class were recorded. Mortality rate, length of survival, and percent survival were calculated as previously noted.
Fungal reisolation. To demonstrate that P. vaccinii was present in the infected blueberry shoots, reisolations of the fungus were performed. Isolations were made from at least three inoculated stems of each cultivar in each block and from control stems that appeared to have symptoms of fungal infection (Parker and Ramsdell, 1977) . Phomopsis vaccinii was verified under the microscope by determining that both alpha and beta spores were present in the reisolations.
Results and Discussion
Inoculation methods. Microshoots died 6 to 25 days after inoculation. The stem-flap and the stem-pierce techniques produced the highest mortality rate; the leaf-tear technique had the lowest (Table 1 ). The highest percentage of shoots survived the leaf tear; the stempierce and stem-flap techniques had the lowest percentages of survival. Only two control plants died; one because the stem was pierced too deeply and another of unknown cause after a leaf tear injury.
'Elliott' hardwood cuttings died 5 to 20 days after inoculation. Similar to the rooted microshoots, the flap technique produced a higher mortality rate and a lower survival percentage than did the other treatments (Table  2) . One control plant died because its stem had been sliced too deeply. The age of shoots on hardwood cuttings and their development stage apparently did not affect mortality rate, averaging ≈10 days survival.
Overall, piercing stems with a needle seemed to be the most promising technique for resistance screening. It proved to be effective and was relatively easy to perform. The leaf tear technique was the easiest to do but yielded low infection rates. The stem flap produced high mortality rates, but great care had to be taken to not kill the stems. High infection rates were achieved after freezing, but the liquid N was cumbersome to handle.
Cultivar resistance. Shoots died 10 to 20 days after inoculation. Only three control plants died during this experiment: one hardwood 'Bluejay', one microshoot 'Bluetta', and one hardwood 'Rancocas'. Phomopsis vaccinii was isolated from stem pieces of the 'Rancocas' shoot. The causes of the other deaths were not determined.
Among cultivars, significant differences were found in mortality rate and percent survival (Tables 3 and 4) . 'Spartan' and 'Bluejay' appeared to be the least resistant. 'Bluejay' displayed the highest mortality rate (0.43) (Fig. 1A) and the lowest survival percentage (5%). 'Spartan' had the second highest mortality rate (0.41) and the second lowest survival percentage (8%).
'Elliott' and 'Bluetta' seemed to be the most resistant. 'Elliott' displayed the lowest mortality rate (0.22) (Fig. 1B) and the highest survival percentage (40%). 'Bluetta' averaged a 0.32 mortality rate and 27% survived overall.
Phomopsis was recovered from at least one dead shoot of each cultivar and age class in each block. However, no cankers or lesions were discovered on any of the inoculated shoots, although the shoots were examined throughout the experiment. Perhaps, lesions can only develop on older shoots that are not killed as quickly.
These results indicate that 'Elliott' and 'Bluetta' may be at least moderately resistant to phomopsis canker. A higher proportion of these plants survived inoculation, and those that were infected died at a slower rate than did plants of the other cultivars. We did not test whether this resistance level reduced infection rates in the field, but our informal field surveys support this possibility. 'Rancocas' may have a degree of field resistance to phomopsis stem canker disease (Childers, 1949; Weingartner and Klos, 1975) , but this was not apparent in our tests. Because the 'Rancocas' plants came from a different source than the other plants, it is possible that environment played a role in this discrepancy or our inoculation methods were too efficient. Regardless, 'Elliott' and 'Bluetta' may be useful germplasm sources for breeding resistance to phomopsis canker.
